Shifts in the North
The Migration Period (500-600 A.D.). Event: Large population movements within Europe introduced
Slavic speakers into areas formerly populated by Germans, Romance speakers into areas formerly populated by Thracians and Dacians, and German speakers in areas formerly populated by Romance speakers. Angles and Saxons migrated into Britain, primarily in the south 9 . Additional linguistic groups also migrated, such as the Turcic-speaking Avars, but not all introduced languages persisted.
Effects: The large scale migrations transformed the cultural and linguistic landscape of Late Antiquity, and form the basis of present-day linguistic barriers. This intermixing also resulted in the movement of diseases into Europe 10 . Land use and city occupation became increasingly variable with ephemeral groups 10 . Few primary historical accounts were written during this period, and many earlier accounts were lost. An extended historical overview can be found in the Supplemental Historical Material.
The Roman Empire experienced a decline and revival in the third and fourth centuries A.D., a decisive decline in the first century A.D., and Europe as a whole was the setting for large population movements in the 6th century A.D. While a climatic explanation for these changes has been postulated as early as the 18th century 1 , a clear connection between climate and individual migrations has been lacking. For the Migration Period in particular (c. 500-600 A.D.), there is a clear trend toward cold arid conditions 12, 13 . Palynological data from across Europe indicate an advance of forested lands and a decrease in cereal crops at this time [14] [15] [16] [17] [18] [19] [20] [21] . Speleothem data generally indicate more arid conditions [22] [23] [24] . However these represent general trends, not necessarily events that would have been recognized as such at the time. Nonetheless, the Migration Period as a social phenomena overlaps with the climatic phenomenon termed the Late Antique Little Ice Age (LALIA) 25 . A recent reconstruction of the NAO 26 offers insight into a specific potential climatic driver for historical migrations in Europe. The NAO is the result of the atmospheric pressure difference between the Azores high pressure cell and the Icelandic low. These two pressure cells create a conduit for humid winds which facilitate the development of storms across Europe. The NAO currently drives zonal circulation which can contribute to drought or precipitation in Europe on a regional basis, a role it has likely played since at least the mid-Holocene 27 . A positive North Atlantic Oscillation (NAO+) is associated with wetter conditions in Central Europe and drier conditions in the Mediterranean. In contrast, a negative North Atlantic Oscillation (NAO-) is associated with drier conditions in Central Europe and wetter conditions in the Mediterranean 28, 29 . This forms what has been characterized as a dipole pattern 30 , in which northeastern France, Germany, Scandinavia, northern Poland, and the Baltics undergo a 10th percentile drought. The wind patterns caused by the varying strength of the NAO are a key cause of either drought or surplus precipitation in Europe.
Results
There are four NAO shifts which align with historical European migrations in antiquity, with minima at 150 B.C., 190 A.D., 375 A.D., and 500 A.D (Fig. 2) . Historically, NAO+ events which ranged from 0-1 are associated with a shift to drought conditions in the territories that primary historical accounts (Tacitus, Strabo, Ammianus Marcellinus, Jordanes) attribute as origins for the tribes which migrated to or past Roman borders (Fig. 3) . As drought conditions may have persisted for multiple years or even decades, the incentive to migrate would have been high. Each period in which NAO+ ranges from 0-1 corresponds to one of the four significant Germanic or proto-Germanic migrations (Fig. 2 ). This suggests that these four historical population migration events may have been a response and strategy to handle inclement agricultural conditions created by a weakened NAO+.
Of these 4 population migration events, the first and last represent the most significant NAO changes by magnitude. The first major historical migration, associated with migrations of the Cimbri and Teutones in 108 B.C., had a Bayesian change point posterior probability of 0.75, though trending toward NAO+ as it fell within the range of 0-1. While NAO-preceded the migrations of the Cimbri and Teutones, these conditions may have been beneficial for their proto-historical homeland in Jutland (Supplemental Fig. 2) , while an NAO between 0-1 is historically associate with drought (Fig. 3, Supplemental Figs 1 and 2 31, 32 . By contrast, the Pax Romana (27 B.C.-180 A.D.) had the least variable NAO+, which ranged from +1 to +1.5 (Fig. 2) , with the highest Bayesian change point posterior probability associated with the Marcomannic war toward its end. However, Bayesian change point analysis does not indicate this deviation was significant; the NAO reconstruction only has one datapoint registering this change. This period also has few references to droughts or famine in historical accounts (Fig. 2) 23 . Following this tranquil period, the frequency of Nile floods 33 and lake . These last two drops in the NAO index, in addition to being associated with large population movements across Europe, are also co-incident with increasing historical accounts of drought and famine (Fig. 2) 33 . Drops in the NAO+ 1-2 range to the NAO+ 0-1 range are associated with a shift to drought conditions for north-central Europe, Scandinavia, and the Pontic Steps (Fig. 3) . Historical mentions of drought and famine by historians increase during both the initial Gothic migrations and during the Migration Period (Fig. 2) 
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. The later Migration Period had colder summer temperatures, as reflected by dendroclimatological data from Northern Europe and Scandinavia (Fig. 4) 11 . Significant migration episodes have high change point probabilities associated with shifts from an NAO+ ranging from 1-2 to an NAO+ ranging from 0-1 (Fig. 2) . The largest relative changes would have occurred from summer to winter (Supplemental Figs 3-6 ). This same change in the instrumental record would predict a shift to drought conditions in territories occupied by the Cimbri, Marcomanni, Goths, Huns, and Slavs in their spatio-temporal context prior to migration (Fig. 3) . Shifts to weaker NAO+ conditions may have caused decadal droughts which would have systematically depressed agricultural productivity, creating climatic push factors for migration. The consistently weak NAO+ during the Migration Period was unprecedented for the societies which faced them in both magnitude and duration. While these conditions were associated with drought for tribes living in Northern Europe and the Pontic Steppe, they were more amenable to agriculture within or near Roman borders with a shift to wetter conditions (Fig. 3) .
Major migration episodes of entire populations, to be distinguished from smaller individual-based economic migrations 3 , had complex and long-lasting effects on the Roman Republic, then Empire. The first major migration, that of the Cimbri and Teutones in in 108 B.C., precipitated a crises in the Roman Republic 2 . The Republic's response to this was to reform the military around generals, an arrangement that would have disastrous consequences for the Republic and lead to multiple civil wars and ultimately a collapse of representative government. The Empire which followed enjoyed unprecedented peace during a particularly stable NAO+ period (Fig. 2) . The shifts to a weakened NAO+ in 376 A.D. and 500 A.D. led to large population migrations across Eurasia that would not only contribute to the collapse of the Western Roman Empire, but also shift linguistic and cultural boundaries for the following centuries. These differing responses to the same climatic phenomenon over centuries provide a cautionary tale against narrow climatic determinism; the ways in which a society responds to changing conditions affect the outcomes.
A key vulnerability of climate change are push factors which contribute to migrations. The 3-year Syrian drought from 2007-2010 is argued to have influenced agricultural productivity and secondarily food prices, which contributed to the subsequent civil war and refugee crises 35 . Larger food distribution systems are vulnerable to regional drought, as the seperate Chinese drought influenced food prices, which contributed to broader from NAO index ranging from 1-2 to an NAO index ranging from 0-1 31, 32 . Areas near the Mediterranean see a shift to wetter conditions, while North Central Europe and the Pontic Steps shift to more arid conditions. Map generated in R (3.3.2) 40 using map tiles by Stamen Design (under CC BY 3.0. Data by OpenStreetMap, under ODbL) and historic scPDSI records 31, 32 .
Scientific RepoRts | 7: 1227 | DOI:10.1038/s41598-017-01289-z social instability in the Middle East in 2011 36 . For the Arab Spring, drought in food production centers led to increases in food prices which exacerbated existing political tension, causing governments to fall. Ancient accounts from Germanic Tribes indicate that some migrations by Germanic tribes were driven by hunger 37 (Historical Supplemental Material). Both recent data and the effects of the NAO on the Roman Empire in Late Antiquity suggest that increased risk of regional droughts creates primary and secondary factors for social instability in the short term, and can change social institutions in the long term.
Methods
The North Atlantic Oscillation proxy record provided by Olsen et al. 26 was assessed relative to the history of migrations into Italy. Bayesian change point analysis was performed using the Barry-Hartigan 38 algorithm as implemented by Erdman and Edison 39 in the bcp (4.0) package in the R programming language (3.3.2) 40 . A total of 2000 burn-ins were used with 10,000 Markov-Chain Monte Carlo resimilations of the data to generate posterior means and their associated posterior probabilities for being a change point. All maps and plots in the manuscript and supplemental material were created using the R language; terrain maps were generated from Stamen Design with a creative commons license. Regional boundaries for the Cimbri, Marcomanni and Quadi, Visigoths, Ostrogoths, Huns and Slavs are estimates only and reflect the reliability of the primary historical sources.
Changes in the instrumental climatic records of the 20 th and 21 st centuries were used to evaluate the potential spatial extent of proxy-reconstructed NAO data. Global gridded self-calibrated Palmer Drought Sensitivity Index (scPDSI) data 31, 32 were used to analyze spatial patterns of drought following key shifts found in the NAO proxy record 26 . A spatial map of drought of Europe was generated for NAO 1-2 and NAO 0-1 years, with the difference of the two being used to calculate the shift to drought conditions.
Other climatic datasets were included in the analysis, including northern hemisphere temperature reconstructions from the GISP2 ice core 41 , Lake Holzmaar lake productivity 34 , and summer temperature reconstructions derived from tree ring sequences in Central and Northern Europe 12, 13 . For tree-ring data, a running average was taken in 10 year intervals. Historical references to drought, famine, and Nile flooding 23 were aggregated into 10-year bins to show decadal trends in both.
Datasets and supplemental R code are available for reproducing/extending data analysis. .
